Background/Aims: Emerging evidence suggests a close link between gut microbiota and non-alcoholic fatty liver disease (NAFLD). In this study, we aimed to investigate the association between gut microbiota and the DNA methylation of adiponectin (an adipocytespecific adipocytokine) in rats, following diet-induced NAFLD. Methods: 50 male SD rats were randomly divided into five groups with or without a high fat diet (HFD), antibiotics, and probiotics, in order to establish an imbalanced gut microbiota and probiotic treatment model in NAFLD rats. After 13 weeks of treatment, blood, liver, and cecal tissue samples were collected. Serum lipids, liver function indexes by biochemical analyzers, and changes in liver pathology with hematoxylin-eosin (HE) and masson staining were detected. Furthermore, the serum adiponectin by enzyme-linked immunosorbent assay (ELISA) and liver adiponectin methylation levels in the promoter regions by pyrophosphate sequencing were determined. High throughput Illumina sequencing targeted microbial 16S genes, bioinformatics and statistical analysis identified cecal-associated gut microbiota. Results: HFD with antibiotic exposure showed the most severe steatohepatitis and a severe gut microbiota alteration. Reduced bacterial diversity was also seen and the abundances of Firmicutes, Lactobacillus, Cyanobacteria, Acidobacteria, Chlamydiae, Chlamydiales, Rubrobacteria, Verrucomicrobia, Blautia, Shewanella, Bacteroides, Bacteroides acidifaciens, and Bacteroides uniformis, were shown to be partly reversed by probiotic treatment. Decreased serum adiponectin levels and increased DNA methylation levels of adiponectin promoter regions were also markedly associated with the NAFLD progression during gut microbiota alteration. Conclusion: Our
Introduction
Nonalcoholic fatty liver disease (NAFLD) is a metabolic syndrome characterized by hepatic fat accumulation in the absence of significant alcohol consumption [1] . As the prevalence of obesity increases, the numbers of NAFLD patients over the past 20 years have also dramatically increased. The increases of NAFLD prevalence and obesity have been identified as a major contributor to chronic liver disease (CLD) worldwide [2] [3] [4] . NAFLD includes diseases ranging from the less severe simple steatosis (NAFL) to severe inflammatory steatohepatitis (NASH). NAFL is generally regarded as a benign state, whereas NASH is classified as severe NAFLD and has a prevalence of 2-5% among NAFLD populations [5] . NASH is an important risk factor for the development of liver cirrhosis, liver carcinoma, and other complications of portal hypertension [6] [7] [8] [9] , the pathology is characterized by hepatocyte injury, inflammation, and various degrees of fibrosis in addition to steatosis [10] . Recently reported data have improved the understanding of NAFLD pathogenesis, yet key factors contributing to the progression of NAFLD from NAFL towards NASH remain only partially elucidated.
Adiponectin, a protein hormone secreted by adipose tissues, is closely associated with the pathogenesis and development of NAFLD. Adiponectin plays an important biological role, in combination with the adiponectin receptors of the liver, in increasing insulin sensitivity, resistance to liver fat deposition, inhibition of inflammatory response, stabilization of oxidative stress, and fibrosis. We have confirmed in previous studies that insulin resistance (IR) in patients with NAFLD is associated with the low expression of adiponectin among adipose tissues. Further, the adiponectin associated single nucleotide polymorphism (SNP) sites are also closely related to susceptibility of NAFLD disease progression [11, 12] . Further studies in epigenetics suggest the roles of DNA methylation in NAFLD pathogenesis merit continued investigation. DNA methylation refers to the covalent binding of the fifth carbon atom of cytosine in S-adenosine methyl to a DNA molecule under the action of DNA methyl transferase (DNMTs), which is then modified to 5-methyl cytosine [13] . In the physiological state methylation of DNA promoter regions play an important role in cell differentiation, growth, and development. When methylation occurs abnormally it often hinders the binding of a transcription factor with a promoter, leading to decreased and potentially silenced gene transcription. In a recent study of the association between maternal glucose concentration and the DNA methylation level in the placenta adiponectin gene, the frequency of adiponectin DNA methylation was correlated with maternal blood glucose levels during pregnancy, insulin resistance, and maternal circulating adiponectin concentrations [14] . Many genes have been found to be highly methylated in the presence of hepatocellular carcinoma [15] , but little known about methylation as it relates to NAFLD. Therefore, it is of great value to examine the potential for DNA methylation of adiponectin to slow the progression of NASH.
The human gut microbiota contains more than 100 fold genes than its host [16] and has been suggested to be an important environmental factor involved in the pathogenesis of NAFLD [17, 18] . There is an anatomical link between the intestine and liver via the hepatic portal system. Based on the connection between intestine and liver, also termed the gutliver axis, gut microbiota and their metabolic products may influence liver pathology [19] . Li, et al., was first to report that the manipulation of gut microbiota in animal models could influence obesity-related fatty liver disease [20] . Moreover in NAFLD, an imbalanced gut microbiota can affect lipid metabolism in various ways resulting in an attack on the liver from two fronts. Vähämiko, et al., suggested that administering a probiotic supplement during pregnancy may affect the DNA methylation status of certain obesity and weight gainrelated gene in both mothers and their children [21] .
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In this study, we described the characteristics of gut microbiota and adiponectin in the progression of NAFLD. Our results suggest that both an imbalanced gut microbiota and adiponectin DNA methylation might be involved in the pathogenesis and progression of NAFLD. Probiotics therefore may delay the progression of NAFLD. This study assessed the effect of antibiotics and probiotics on NAFLD progression from the perspective of gut microecology and provides a theoretical foundation for targeting gut mircobiota in NAFLD management.
Materials and Methods
Rat use and IACUC compliance Eight-week-old specific pathogen-free male SD rats were purchased from GDMLAC Laboratory (Guangdong Medical Laboratory Animal Center, Foshan, China). After 1 week of free access to a standard diet, 50 rats were randomly divided into five groups for 13 weeks: (A) Standard chow diet (SCD) (n = 10); (B) high fat diet (HFD) (n=10); (C) SCD with antibiotic (SCD-A) (n = 10); (D) HFD with antibiotics (HFD-A) (n=10) and (E) HFD with antibiotics and probiotics (HFD-AP) (n=10). The standard chow diet was comprised of 80% carbohydrates, 15% proteins, and 5% fats, while the HDF diet contained 52.2% standard diet, 15% lard, 20% sucrose, 1.2% cholesterol, and 0.2% bile salt. All experimental rats had ad libitum access to food and water.
Rats were housed at 22-28°C and 60% relative humidity in a specific pathogen-free facility maintained on a 12-hour light/dark cycle in Guangzhou Medical University. The physical activity, emotional behavior, consumption of food and water, and defecation of experimental animals were observed daily.
For the antibiotic intervention, rats were orally administered 1ml 157.5mg/ml ceftriaxone twice daily for the first four days and then the ceftriaxone dose was decreased to 0.35mg/ml added to the drinking water for the remainder of the 13 week observation period. Probiotic treated, rats were administered a HFD diet concomitantly supplemented with probiotics (0.35 g/kg/day) for 13 weeks by oral gavage. Probiotic supplementation consisted of 0.5×10 6 colony-forming units (CFU) live Bifidobacterium longum,
Lactobacillus acidophilus, and Enterococcus faecalis.
The Animal Ethics Committee of Guangzhou Medical University approved all experimental protocols involving animals. All treatment procedures were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of Guangzhou Medical University. Animal treatments lasted for 13 weeks, during which the body weight and food intake of each animal was measured once a week.
Animal euthanasia and tissue extraction
At the end of prescribed feeding period, all rats were fasted overnight and anesthetized with an intraperitoneal injection of 10% chloral hydrate (100µl/20g total body weight). Once rats were anaesthetized, blood samples were collected from the inferior vena cava. The liver and intestinal tissues were excised and weighed immediately. The liver index was calculated using the following formula liver wet weight/total body weight×100%.
Pathology and related index detection
The left lobe of the liver was immersed in 4% neutral formaldehyde; Hematoxylin and Eosin (HE) and Masson staining were completed in the Guangzhou First People's Hospital, Guangzhou Medical University. HE staining and Masson staining of sections were performed using standard protocols.
Fasting venous blood samples were acquired in the morning and centrifuged at 3000 g/min and 4 °C for 10 min. Recovered supernatants were separated into 200µl tubes and immediately frozen at −80°C. Liver function indexes such as ALT, AST, triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL-C), and low-density lipoprotein (D-LDL) were detected by the clinical laboratory of Guangzhou First People's Hospital of Guangzhou Medical University. Residual liver tissue was stored at -80°C. Serum adiponectin and liver DNA methylation measurements Serum adiponectin levels were measured by enzyme-linked immunosorbent assay (ELISA). The liver tissue DNA was isolated using the QIAamp DNA Mini Kit according to the standard protocol provided by the manufacturer (QIAGEN, Hilden, Germany). Concentration of extracted DNA was measured using a Nanodrop spectrophotometer 2000c (Thermo Scientific, USA). DNA after bisulfite modification (QIAGEN EpiTect Bisulfie kit) and purification was then amplified for the adiponection gene using the PCR kit (QIAGEN PyroMark kit) (Table S1 -for all supplemental material see www.karger.com/ 10.1159/000495830/). Amplified products were then separated by gel electrophoresis to obtain a single band. Those products with biotin labels were then mixed with microbeads carrying streptavidin. The single-stranded DNA with biotin labels was separated with unlabeled strands. Single-stranded DNA was then mixed with sequencing primers for adiponectin. The methylation status of the adiponectin gene promoter was quantified with a Pyromark Q96ID pyrophosphate sequencing analyzer (QIAGEN, Germany).
16S rRNA gene sequencing of gut microbial communities analysis
Cecal DNA was isolated using the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany). The extracted DNA from each sample was used as the template to amplify the V4 region of 16S rRNA genes (Table S1 ). For 16S rRNA gene sequencing, DNA samples were send to the Beijing Genomic Institute (BGI, Shenzhen, China). PCR amplification, Illumina sequencing of the PCR amplicons (Illumina MiSeq platform) using the 250-bp paired-ended strategy and quality control of raw data were performed as described previously [22] . Sequencing results were clustered utilizing the barcoded Illumina paired-end (PE) sequencing (BIPES) process for preliminary analysis, while the remaining sequences were screened by UCHIME and suspected chimeric sequences were removed. All reads were sorted into different samples according to their barcodes. We picked a representative sequence for each OTU and used the RDP classifier [23] to annotate taxonomic information for each representative sequence. The closed-reference OTU clustering was done at 97% similarity level against the GreenGenes database (v201305) [24] and RDP Release9 201203 [25] . Principal component analysis (PCA) based on UniFrac distance was performed with QIIME. The linear discriminant analysis (LDA) with effect size measurements (LEfSe) was used to identify indicator bacterial groups specialized within the two groups.
Statistical analysis
Data are presented as mean ± SD. Statistical significance for body weight, liver weight, liver index and serum index (such as AST, ALT, TG, TC, HDL-C, D-LDL, APN) were determined with one way analysis of variance (ANOVA) followed by Tukey's post hoc and Bonferroni multiple comparison test. The DNA methylation levels and gut microbiota data were analyzed by Kruskal-Wallis, followed by the Wilcoxon comparison tests for pairwise comparisons. A p-value <0.05 was considered statistically significant. Statistical analysis performed with SPSS software (Version 21, SPSS Inc., Chicago, USA).
Results
Effects of antibiotics and probiotics on liver function
The treatment course was completed with no animals becoming moribund. After feeding the rats with HFD, those in the antibiotic groups gradually displayed anorexia, fatigue, lethargy, and chills. The stool of HFD animals was much looser, and rats from antibiotic groups had soft, pulpy, and smelly feces. The body weight, liver wet weight, and liver index of rats were affected by HFD and gut microbiota (antibiotic and probiotic). Weekly body weight observations, demonstrated rats with HFD, HFD-A, and HFD-AP gained weight slower than rats treated with SCD and SCD-A (Fig. 1A) . At the end of week 13, all rats fed by HFD were observably thinner than those fed by SCD and weekly body weights reflected this observation (p<0.01). Liver wet weight and liver index were significantly increased among the HFD, HFD-A, and HFD-AP treatment groups (p<0.01) (Fig. 1B, 1C, 1D) .
The serum ALT and AST levels reported liver function injury and TG, TC, HDL-C, and D-LDL reported complications with metabolic syndrome. Elevated ALT and AST values for the HFD, HFD-A, and HFD-AP groups indicated some degree of liver injury ( Fig. 2A and 2B 
Treatment groups HFD, HFD-A, and HFD-AP demonstrated increased TC and D-LDL (Fig. 2D
and 2F) with no obvious change in either serum HDL and triglycerides ( Fig. 2C and 2E ).
Effects of antibiotics and probiotics on hepatic phenotypes
When rats received 13 weeks HFD intake, steatosis was induced with a greater severity among the HFD-A treatment group. Addition of the probiotic partly improved the liver steatosis outcome (Fig. 3A) . HE staining showed that the HFD group displayed NAFLD changes with invasion of small vesicular fat and inflammatory cells. Moreover, the HFD-A group had apparent liver steatosis and neutrophil infiltration (Fig. 3B) . HFD-AP animals a partial reversal of hepatocyte steatosis and neutrophil infiltration. Masson staining showed fibrous hyperplasia in the hepatic sinks of some rats in the HFD-A group and fiber spacing was observed around the sinks (Fig. 3C ). Together these results support a suggested link between liver function and hepatic inflammatory cell infiltration as contributors to steatohepatitis development. Further, the ability to recover from steatosis in HFD mice, with antibiotic and probiotic intervention, suggests an associated link between gut microbiota and disease progression.
Effects of antibiotics and probiotics on adiponectin and DNA methylation
Adiponectin, a protein hormone secreted by adipose tissues, is of great importance to the development of NAFLD. With the addition of antibiotic management, serum adiponectin in HFD rats was decreased compared to SCD rats. When compared to SCD groups, HFD-A rats had significantly lower serum levels of adiponectin which was then observed to be partially recoverable with the addition of probiotics (p <0.05) (Fig. 4A) .
Furthermore, adiponectin DNA methylation is suggested to participate in the pathogenesis of NAFLD. In order to understand role of the intestinal microbiota, specifically alterations related to adiponectin DNA methylation, the methylation level of 10 CpG island sites in the adiponectin promoter region were detected by pyrophosphate sequencing (Supplement 1). Interestingly, results showed obvious shifts in the degree of adiponectin methylation in NAFLD rats with antibiotic intervention (HFD-A) compared to HFD only rats (HFD). At sites 2, 6, and 9, the methylation level in HFD-A rats was much higher than rats without antibiotics (p <0.05). No significant differences were observed across 7 other CpG sites (Fig. 4B, 4C , and 4D).
Effects of antibiotics and probiotics on gut microbiota in NAFLD rats
In order to evaluate the potential impact of alterations to the gut microbial community on the development of NAFLD, we treated rats with antibiotics and probiotics on a HFD for 13 weeks. To assess the effect of NAFLD on cecal microbial composition and the relative abundance of specific gut microbiota, targeted microbial 16S rRNA gene sequencing and bioinformatics based analysis were performed on cecal tissue samples collected at the end of the treatment in week 13. A total number of 6, 258, 831 high-quality tags were obtained from the 50 samples of the study, with an average of 127, 731±25, 592 sequences per sample. 573 OTUs were shared across groups shown by Venn diagram (Fig. 5A) . Clustering of sequences by unweighted UniFrac distances per rat (Principal component analysis, PCA) revealed a sharp clustering of microbiome sequence data among the HFD, HFD-A, and HFD-AP treatment groups, indicating that following HFD and HFD with bacterial intervention treatments had distinct colonic microbial communities (Fig. 5B) .
The probiotic treatment increased microbial alpha diversity, measured by the Shannon index (Fig. 5C) . Firmicutes, Bacteroidetes, and Proteobacteria are the most abundant phyla, accounting for an average 95% of yielded sequences, while Verrucomicrobia, Cyanobacteria, and Deferribacteres accounted for 0.1%-5% of yielded sequences each (Fig. 5D, E and F) . Genus level characterization is more complex and the 20 most abundant genera observed 
Discussion
The gut microbiota has recently been acknowledged as an essential "organ" of the human body. Gaining an understanding of its roles and the way in which diet, exercise, stress, and antibiotic and probiotic use all can influence the microbial diversity and the bacterial gene function of the gut microbiome is essential [26] . Mouzaki, et al., reported a significant link between the presence of NASH and low percentages of Bacteroidetes in fecal samples, but not BMI, suggesting that intestinal flora may play an important role in the development of NAFLD [27] . An imbalanced gut flora could increase the production of endotoxins or even result in intestinal endotoxemia, which are important factors involved in secondary liver damage as well as the disease progression of NAFLD [28, 29] . In return, the development of NAFLD affects the intestinal micro-ecological balance, forming a vicious circle.
In the present study, serum adiponectin levels were determined by ELISA and methylation levels of 10 CpG sites of adiponectin promoter regions were detected by pyrophosphate sequencing. Further, genomic DNA from the rat colonic samples were amplified with universal primers for the V4 region of bacterial 16S rRNA. Using Illumina sequencing techniques gut microflora diversity was detected and analyzed for gut microbiota characteristics in the progression of NAFLD in rats.
Adiponectin plays a central role in regulating insulin resistance, oxidative stress, and mitochondrial dysfunction in multiple organs [30] . A number of studies have shown that adiponectin is associated with the development of a fatty liver and increased plasma, adiponectin and its derivatives can also increase liver tissue damage and steatosis [31] . In vivo, persistent high blood insulin is negatively correlated with low adiponectin levels [30] . NAFLD patients often exhibit low adiponectin when insulin resistance is present [32] . In addition, adiponectin could inhibit the progression of liver inflammation and fibrosis by inhibiting the synthesis and release of TNF-alpha [33] . Serum concentrations of adiponectin in the HFD-A group were significantly decreased and marginally recoverable with the addition of probiotics, as suggested by HFD-AP data. Together these data suggest serum APN levels are directly and inversely related the progressive variability of liver pathology and are potentially linked to intestinal microbiota shifts. adiponectin and intestinal flora are known to play an important role in the development of NAFLD; therefore probiotic intervention may be of great clinical value when considering potentially solving the major challenge of managing NAFLD in a clinical setting.
Recently increasing efforts have been focused on the mechanisms driving gut microecology. Modulation of gut microbiota with probiotics, prebiotics, or fecal microbiota transplantation (FMT) have recently been implemented in the prevention and treatment of several metabolic diseases, such as NAFLD [34] . Previous data suggests that manipulation of the gut microbiota may yield novel therapies for the management of NAFLD [20] . Modulating gut flora with diet or therapeutic agents has been suggested to improve host metabolic phenotypes [35, 36] ; however, whether the response of the gut microbiota to these environmental perturbations happens at the phylum or specific phylotype level remains controversial [37] . Genus Akkermansia of Verrucomicrobia is involved in mucus degradation but may also have beneficial effects via increasing intestinal levels of endocannabinoids that improve inflammation and gut barrier function [38] . Turnbaugh, et al. observed that the frequency of increased Firmucutes species coinciding with decreased Bacteriodetes in the guts of obese mice with an elevated colonic fermentation and SCFA production potentially contributing to obesity by increasing the host's capacity for energy harvesting from foods [38] . Apart from effectively reducing fat mass and body weight, calorie restriction markedly increased the intestinal microbial diversity, specifically Allobaculum abundance, in HFD mice but not in those receiving SCD [39] . In the present study, Faecalibacterium prausnitzii and Blautia, which were short-chain fatty acid (SCFA) producers, decreased in HFD rats and could be reversed by the addition of a probiotic treatment. Intervention with probiotics has the potential to inhibit the proliferation of aerobic bacterial species while upregulating the proportion of anaerobic bacteria and gut flora colonization resistance. These results suggest Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry that probiotic administration could enrich the relative abundance of SCFA producers to promote colonic fermentation and SCFA production in the guts of HFD-fed rats [40, 41] . Our findings were consistent with studies demonstrating that probiotics could improve the structure and proportion of the gut microbiota and slow the progression of liver injury in NAFLD [42] .
Conclusion
In summary, probiotics could improve gut microbial imbalance presented in NAFLD and restore the microecosystem of intestinal microbiota via up regulation of adiponectin. Therefore probiotics may reduce hepatic and systemic pro-inflammatory responses caused by adiponectin DNA methylation signaling. Consequently, probiotics could ameliorate liver inflammation and thus delay or prevent NAFLD progression. Our findings have revealed that probiotic supplementation can realize the balance of gut microbiota, suggesting bacterial intervention targeting gut microbiota as a viable novel approach to prevention and treatment of NAFLD.
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